Plasmon-induced polymerization can facilitate the site-selectivity and orientation of polymer growth, which enriches the toolbox of polymerization and nanofabrication. Here, we demonstrate plasmon-induced polymerization, accomplished by low-power laser excitation of gold nanoparticles (NPs). We selectively control the growth of polymers around single plasmonic NPs while monitoring the polymerization using dark field spectroscopy and subsequent scanning electron microscopy. This plasmon-induced polymerization, generated by hot electron initiation, not only precisely controls the thickness and composition of the polymer coatings but also regulates the location and orientation of the growth, which are strongly influenced by the laser polarization and near-field distribution around the plasmonic NPs. A saturation increase in the polymer thickness provides a strong support for our mechanism. This facile approach of nanoscale polymerization directed by light not only provides new opportunities in nanosynthesis and nanofabrication for functional devices, but also opens many routes for polymer physics and chemistry at the nanoscale level.
Introduction
Plasmon-induced chemistry via hot carriers has attracted great interest as it opens a new paradigm of nanochemistry for self-assembly [1] , plasmonics [2] , photodetection [3] , photocatalysis [4, 5] and photovoltaics [6] [7] [8] . It is generally believed that plasmonexcited hot carriers trigger a series of redox chemistries at the surface of metals or semiconductors via charge transfer [9] . Such injected hot electrons can also be utilized to induce surface polymerization, which then shifts the tuning of the plasmonic resonances with a feedback that can be self-limiting [2] .
This hot-electron polymerization is quite different Nano Res. 2018, 11 (12) : 6384-6390 from plasmon-assisted two-photon polymerization, which usually works for photosensitive materials such as SU-8 [10−14] . Instead, polymerization via hot electrons appears to initiate most types of radical polymerization reactions, which significantly broadens its application. The advantage of using plasmoninduced hot electrons, compared to conventional surface-initiated radical polymerization, is the precise location and polarization dependence it gives, which strongly improves the precision for fine-tuning nanostructures. This bridges a distinct gap for the fabrication of miniaturized polymer optoelectronic devices, where excellent site-selectivity, and remote controllability and directionality are demanded. The rationale here is to control the polymerization location and direction by irradiating with a linearly polarized laser beam at λ = 640 nm ( Fig. 1(a) ). Performing the laser illumination in an optical microscope allows simultaneous dark-field spectroscopy to monitor the polymerization process in real-time. Plasmon-induced polymerization is observed here for different types of monomers, even without the presence of initiators, but is found to terminate at a critical thickness. This strongly suggests that the hot electrons from Au can initiate the radical polymerization of only the few monomers positioned close to the metal surface (Scheme 1) [2] . The time-and power-dependent growth provides a facile means to control the thickness of the polymer coating. The polymer growth shows polarization dependence with an aspect ratio of ~ 1.65, due to localization of the hot e -injection [15] . The growth position can also be controlled by the position of the hotspots, where the efficiency of hot e -injection is maximized. Although point-by-point laser writing is not suitable for the mass production of polymers, this method opens new opportunities for polymer-based nanodevice fabrication with precise local selectivity and directionality, which traditional mix-and-stir chemistry (including surfaceinitiated polymerization) cannot support.
Scheme 1 Mechanism of hot-electron-initiated surface polymerization.
Results and discussion

Scheme for polymerizing by light
Our aim in this work is to avoid complications from oxides by using only Au and to prevent Schottky barrier effects by avoiding semiconductor layers such as ZnO or TiO 2 , thus escaping any spurious photochemistry. We also try to avoid further complexity through the use of neat-monomer liquids, such as divinylbenzene (DVB), styrene (St), or methyl methacrylate (MMA), while performing laser irradiation ( Fig. 1(a) ). We characterized the optical response of single Au nanoparticles via dark-field microscopy, comparing their scattering cross-sections before and after irradiation (inset Fig. 1(b) ). The laser irradiation induced a ~ 30 nm redshift of the plasmonic resonance due to the increased refractive index of the polymer coatings, which is supported by the simulations (Fig. 1(c) ). The PDVB coating can be clearly visualized in the scanning electron microscopy (SEM) images ( Fig. 1(d) ), confirming successful polymer growth around the Au NP.
Such a polymerization process is not likely due to chemical initiation, as no initiators were used, and the temperature rise was less than 30 °C with a laser wavelength at the 2 mW laser power here (see section 2.2) [16] , which is much less than required for effective auto-initiation (> 80 °C for most monomers, and which can only be seen at higher powers, see section 2.2) [17] . We also applied plasma treatment to remove the organic ligands coating the Au NP that might potentially cause initiation, but still polymer growth was observed (Fig. S1 in the Electronic Supplementary Material (ESM)). Direct laser-induced photo-initiation can also be excluded since no polymer growth was observed on the flat SiO 2 /Si surfaces, even at high powers (> 10 mW). While near-field plasmon enhancements can increase local light intensities to initiate radical polymerization [18−20] , photon energies of 1.95 eV are not sufficient to directly produce free radicals from the monomers. One of the indirect proofs of hot e -initiation is that no polymer growth was observed for Al 2 (8 mW), a significant growth of PDVB was observed but this is due to auto-initiation (see section 2.2). Other monomers, including styrene (St, Fig. 1 (e)) and methyl methacrylate (MMA, Fig. 1 (g)), were also found to polymerize around the Au NPs with laser irradiation, which is verified by the leftover buckled polymer shells after the Au cores were etched out (Figs. 1(f) and 1(h)). The polymer shell was significantly thinner in these cases compared to PDVB ( Fig. 1(d) ). We suggest that this is likely due to their different termination kinetics, since hot electrons will generate radicals in a fraction of monomers close to the surface at similar rates. Termination through radical collisions, either by radical-radical combination or by disproportionation, is dependent on the monomer chemistry as well as the local radical concentration (Scheme 1). The thicker shells formed by PDVB around these Au NPs may be due to the reduced chain termination rate arising when PDVB crosslinks, which sterically reduces the chances of two radical chain ends meeting.
Nonlinear optical power dependence
To further distinguish hot e -induced polymerization from optical heating induced polymerization, we investigated the influence of laser power (Fig. 2) on the thickness of the polymer shells around each Au NP. Although hot electron generation is not expected to require a power threshold, the energy of the hot electrons will change their escape probability, introducing a dependence on laser wavelength and intensity. As a result, we found that the polymer coatings are only seen in SEM when the laser irradiation power exceeds ~ 0.5 mW (Fig. 2(b) ), while the polymer growth is then limited by the number of monomers that are present on the metal surface, thus giving a constant 25 nm thickness (Figs. 2(c) and 2(d)). At high powers (> 6 mW), optical heating triggers the auto-initiation of polymerization throughout a much larger volume away from the Au NP surface (Fig. 2(e) ). Simulations with COMSOL (Fig. S3 in the ESM) confirm such heating effects are substantial enough to give polymerization when the surface temperature of Au NPs exceeds 400 K (laser power 8 mW, Fig. 2(g) ). However, for low power irradiation (2 mW), the temperature rise around each Au NP is only ~ 27 K ( Fig. 2(f) ), and polymerization at this temperature (47 °C ) is not due to optical heating but rather hot e -effects. This nonlinear power dependence of polymer growth (Fig. 2(h) ) clearly suggests two different modes of initiation: at powers between 0.5 and 4 mW, hot e -initiation is dominant; at irradiation powers above 6 mW, polymerization is mainly triggered by auto-initiation, while in-between, both hot e -and auto-initiation may coexist (Fig. 2(d) 
Time-dependent growth
We also investigated the influence of irradiation time (Fig. 3) on the shell thickness of PDVB. Anisotropic growth was observed around the Au NP in the first 20 s (Figs. 3(a)−3(d) ), due to the polarization of the laser (see section 2.4). After 30 s, such anisotropy disappeared as the polymer shell tried to reduce its surface-to-volume ratio and a uniform coating was observed (Figs. 3(d)-3(g) ). The polymer shell thickness increased dramatically in the first 30 s of irradiation, then slightly decreased (Fig. 3(h) ). The volume shrinkage is probably due to the crosslinking of the PDVB matrix, which also leads to the increase in the refractive index of the coatings. As a result, the plasmon peaks were slightly redshifted, even when the size of the coatings decreased (Fig. S4 in the ESM).
Polarization dependence
The growth of PDVB at the early stage (Figs. 3(c) and 3(d)) or with lower power (Fig. 2(b) ) shows anisotropic features, which eventually merge into a uniform coating (Fig. 3(e) ). The preferential growth at the opposite ends of the Au nanospheres arises from the plasmon mode which is excited by polarized light along the same direction [11, 12] , thus generating hot e -only in these directions [15] . To further verify this, we rotated the direction of the linearly polarized laser and observed how the orientation of polymer growth changed (Fig. 4) . Clearly, the polymer growth is preferential along the laser polarization with an overall aspect ratio of 1.2 ± 0.5 (Figs. 4(a)−4(c)) (with a polymer coating aspect ratio of 1.65 ± 0.5). The near-field simulations (Fig. 4(d) ) reveal the polarizationdependent profiles, indicating hot e -injection is maximized along the polarization direction, and thus polymer protrusion occurs preferentially in the alignment of polarization. This directional growth set by the light polarization significantly advances the controllability of polymer growth for functional nanodevices.
Local selective polymer growth with plasmons
As hot e -injection efficiency is proportional to the near-field intensity, polymerization selectively happens at the location where the field intensity is the strongest. Therefore, plasmonic hotspots that confine the electric field to the nanoscale can be used to initiate polymerization with sizes far below the diffraction limit. In this way, we can control the location of polymer growth with sub-wavelength resolution (Fig. 5) . As the excitation of plasmon modes is highly dependent on the incident polarization, polymer growth can then be selectively driven at different locations of the plasmonic NP. For instance, Au bipyramid nanoparticles (BPNs) have stronger longitudinal modes and weaker transverse modes (insets of Figs. 5(a) and 5(b)), so that excitation along the two different axes leads to selective growth either at their tips or at their sides (Figs. 5(a) and 5(b) ). As the field intensity is 50 times stronger at the tips than at the sides, the size of PDVB growth is much larger at the tips. Note that the shapes and sizes of polymers do not exactly follow the shape of the near-field distribution, which further suggests it is plasmons initiating the polymer growth rather than acting as a local source for light-induced polymerization. We can also vary the irradiation power to control the coating thus changing from small bulbs at the tips, to full encapsulation of the whole Au BPNs (Fig. S5 in the ESM) . The same principle also applies for Au dimers (Fig. 5(c) ) and Au prisms (Fig. 5(d) ), where the growth favorably happens at the location where intense electric fields are selectively excited by the polarized light (insets of Figs. 5(c) and 5(d)). As the field enhancement in the nanogap of an Au dimer is 3 orders of magnitude higher than normal open plasmonic nanostructures, the polymer growth in the nanogap region extends to a much larger area (Fig. 5(c) ), suggesting the near field enhancement may accelerate the rate of hot e -injection. Selective polymer growth can also be accomplished on lithographically-fabricated nanostructures (Fig. S6 in the ESM) [21, 22] , which provides a useful technique towards functional nanophotonic and nanoelectronic devices. 
Conclusions
Plasmon-induced polymerization has been shown to provide unique advantages for polymer growth with nanoscale precision. The thickness of the polymer coating produced varies from sub-10 nm up to 150 nm depending on the duration and power of the irradiation, with control at the 1 nm scale using simultaneous optical measurements. From the nonlinear power-dependent growth and the general consistency for different monomers, we confirmed such polymerization is due to the injection of hot electrons generated by the plasmons. These hot electrons have energies of several eV, much larger than typical thermal energies (~ 30 meV) but much less than high-energy gamma-ray initiators (keV), and thus generate highly-local but initiator-free radical polymerization from metal surfaces [23] . Furthermore, the location and orientation of polymer growth can also be controlled with optical polarization due to the near-field distribution of the plasmonic components which directs hot e -ejection. This facile polymerization, induced simply by laser irradiation, provides a unique control over polymer growth with different sizes, compositions, positions, and orientations, significantly enriching the versatility of current polymerization techniques. Although this technique is not scalable for polymer production, it opens investigations of many questions and applications, such as in co-polymerization chemistry (Fig. S7 in the ESM) and ultrathin dielectric coatings for capacitors and transistors.
Method
Au NPs (80 nm, obtained from BBI) and Au bipyramid NPs (obtained from Nanoseedz) were drop-cast on oxygen-plasma-cleaned SiO 2 (400 nm)/silicon wafers. Monomers (with inhibitors removed using 10 wt.% NaOH solution) were drop-cast onto the samples, which were then covered with a coverslip for microscope observation (Scheme S1 in the ESM). A 640 nm continuous wave (CW) laser (Coherent Cube) was free-space coupled to the microscope, which was then focused down onto the particles through a 100× objective (Olympus, NA = 0.8). The irradiation occurred with the presence of a monomer liquid, and the duration and laser power were varied to investigate polymerization conditions. At least 5 particles were irradiated for each condition to assure the validity of the obtained data. The scattering spectra were taken confocally through a 50 μm optical fiber coupled to a spectrometer (QEPro, Ocean Optics) before and after irradiation. To change the polarization of laser incidence, a linear polarizer and a half-wave plate were placed and rotated before the objective lens. The irradiated particles were tracked and characterized with scanning electron microscopy (Zeiss). The temperature distribution around the Au NPs was simulated with COMSOL Multiphysics 5.3 (see ESM for details). The optical near-field and scattering cross-section of the Au NPs were calculated with Finite Difference Time Domain (FDTD) Solutions (Lumerical). Broadband plane waves (450−950 nm) were normally incident, with the refractive index of Au taken from Johnson and Christy [24] , and meshing sizes of 0.8 nm. The boundary conditions were set to be symmetric in the y direction and asymmetric along the x direction (incidence plane). 
